We report for the first time, detailed dynamics of dissociative electron attachment to the atmospherically important chlorine dioxide (OClO) molecule exploring all the product anion channels. Below 2 eV, the production of vibrationally excited OCl  dominates the DEA process whereas at electron energies greater than 2 eV, three-body dissociation is found to result in O  and Cl  production. We find that the internal energy of OCl  and the kinetic energy of Cl  are large enough for them to be relevant in the ozone-depleting catalytic cycle and more investigations on the reaction of these anions with ozone are necessary to completely understand the role of DEA to OClO in ozone depletion. These results also point to an urgent need for comprehensive theoretical calculations of the DEA process to this atmospherically important molecule.
Introduction
Chlorine dioxide (OClO) has attracted considerable interest as an atmospherically important molecule due to its role in ozone (O3) chemistry of the stratosphere. Photodissociation of OClO produces chlorine monoxide radical (OCl) which plays a critical role in the depletion of stratospheric ozone 1, 2 via a catalytic cycle [3] [4] [5] . The catalytic cycles involving OCl radical that result in the destruction of ozone are understood to be 2,4-6 (1)
In the last direct reaction of OCl radical with ozone, it was found that internal excitation is required to cross the barrier for the reaction in order to have reasonable rates 2 . However, atomic Cl can also cause the ozone destruction, which is more efficient than the other paths 5 . In the stratosphere, OClO acts as a reservoir for OCl radicals especially during arctic winters 2 .
In the short wavelength (273 nm to 293 nm) photolysis of OClO, this radical is formed with an internal excitation as high as v=17 vibrational level 7 . There is also minor channel, which results in the production of Cl + O2 via photoisomerization of OClO to ClOO [8] [9] [10] . However, it has been pointed out that the photodissociation cross section to form OCl is as low as 10 -21 cm 2 and hence may not play a significant role in the ozone destruction cycle 11 . Another route for formation of atomic chlorine (Cl) & OCl from OClO is by dissociative electron attachment (DEA). In this process, in addition to the neutral fragments their anion counterparts Cl  and OCl  are also formed.
The formation of OCl  channel is known to be extremely efficient with the measured cross section in the range high 10 -16 cm 2 12,13 . Polar stratospheric clouds contain a large number of particles with excess electrons whose binding energy varies from less than 1 eV to several eV. During the Arctic spring, such low energy electrons may be released by UV light and can easily be captured by the OClO leading to the production of OCl  and Cl atom through DEA 13 . Thus, it is important to investigate the dynamics of the DEA process to OClO in order to understand its implication in ozone chemistry in the upper atmosphere.
DEA to OClO has been studied experimentally by Meinke et al. 12 , Marston et al. 14 and Senn et al. 13 but only one theoretical calculation, that by Baluja et al. 15 exists. The measurements show the formation of OCl  , Cl  , O2  and O  . Three peaks have been reported in the DEA process around 0.7 eV, 4 eV, and 8 eV. The 0.7 eV peak is dominated by OCl  followed by Cl  and O2  (in order of decreasing intensity). At 4 eV and 8 eV peaks, the Cl  signal is found to be dominant. Marston et al. 10 observed two additional peaks around 0 eV and 6 eV in their measured total negative ion signal from DEA to OClO, however, they have attributed these peaks to the contamination from molecular chlorine present in their sample. Meinke et al. 12 and Senn et al. 13 have reported a distinct structure in the Cl  channel around 1.7 eV and identified it with the onset for the three-body break up threshold (Table 1 ). Senn et al. 13 have also observed the O  signal peaking around 1.15 eV, 4 eV, and 8 eV and a weak structure at 0.28 eV near threshold in OCl  channel. They determined the total DEA cross section at 0.7 eV peak to be 8x10 -16 cm 2 .
Meinke et al. 12 , Marston et al. 14 and Senn et al. 13 also measured the kinetic energy (KE) of selected fragments. According to Meinke et al. 12 , at 0.7 eV incident electron energy the mean KE of Cl  is about 1 eV, which indicates faster dissociation in the Cl  channel compared to the O2  channel.
The measurement of KE of the Cl  ion using a cylindrical mirror analyzer was carried out by Marston et al. 14 for electron energies > 3 eV. They observed that at the 4.3 eV peak, Cl  ions are produced with thermal KE, whereas at the 8 eV peak the Cl  KE increases up to 0.5 eV. From energy considerations, they concluded that three-body dissociation might be taking place at 4.3 eV. From the low KE of Cl  they noted that if the dissociation is due to a concerted three-body break-up, either excited O atoms are produced or the transient OClO  is nearly linear. Based on the excited state energies of parent neutral OClO, DEA at electron energies below 2 eV has been attributed to a shape resonance. From the bonding nature of the 3b1 orbital, this resonance has been assigned to the 3 B1 state by Marston et al. 14 . The peaks at higher electron energies have then been attributed to core-excited resonances. By analyzing the peaks in the time of flight spectra, Senn et al. 13 found the KE of the Cl  ions to be 0.42 eV and the KE of the O2  ions as 0.7 eV at 0.7 eV electron energy. Based on these observations it was concluded that the neutral O2 is produced with more than 3 eV as its vibrational energy and O2  is produced with moderate excitation. Senn et al. 13 also noted that the weak structure at 1.7 eV in Cl  channel coincides with the energy threshold of three-body dissociation (Cl  + O + O) and the two peaks at 4 eV and 8 eV in both Cl  and O  channels are associated with core-excited resonances. Baluja et al. 15 observed several OClO  anion states in their calculations using the R-matrix method.
They reported the OClO  anion ground state (X 1 A1) to be 1.558 eV below the OClO ground state and found several shape resonances of 3 B1, 1 B1, 3 A2, and 1 A2 symmetries at 2.96 eV, 5.75 eV, 7.22 eV and 8.06 eV with widths of 0.843 eV, 1.4 eV, 1.5 eV and 2.72 eV respectively. Wei et al. 16 have reported the excited anion states in the energy range of 0 to 3 eV from neutral ground state by performing quantum chemical calculations using a complete active space self-consistent field method with a large atomic natural orbital basis set.
Although KE measurements for Cl  have been reported for all the peaks and that for O  and O2  has been reported for the 0.7 eV peak, there is no information about the KE of OCl  or for O  ions at higher energies. Also, the literature on DEA to OClO is devoid of any measurement of the angular distribution of the fragment ions. Here we report the KE and angular distributions of various fragments arising from DEA to OClO using velocity slice imaging (VSI) technique and from these measurements unravel the underlying dynamics of its excited anion states.
Experimental
The experiments were carried out using a VSI set up similar to that originally developed by Nandi et al. 17 . The details of the present set up have been described earlier [18] [19] [20] [21] . In brief, an effusive molecular beam produced by a capillary interacts with a magnetically collimated pulsed electron beam (200 ns) at right angles. The molecular beam is directed along the axis of the VSI spectrometer. The VSI spectrometer consists of a single element electrostatic lens followed by a flight tube. A 2-D position sensitive detector (PSD) that consists of a set of three 75 mm diameter microchannel plates mounted in a Z-stack configuration followed by a phosphor screen is used to obtain the ion signal. The ions produced in the interaction region are extracted by applying a pulsed electric field with a 100 ns delay with respect to the electron beam pulse. These ions are then velocity focused onto the 2D PSD detector by applying appropriate voltages to the electrodes. The detector is operated in active mode only for 100 ns by applying a 2 kV pulse to the detector with appropriate bias. We record the central slice of the Newton sphere of the ions formed by suitably delaying the 2kV pulse with respect to the extraction pulse. The pixel images formed on the phosphor screen are recorded by a CCD camera. By applying appropriate calibration, we then convert our pixel images into momentum images and obtain the kinetic energy and angular distribution of the anion fragments. We have used the O  from DEA to O2 and Cl  from DEA to Cl2 to calibrate the electron energy as well as the VSI spectrometer's momentum scale 17, 19 .
Due to its highly reactive and explosive nature at ambient temperature and pressure, OClO must be prepared carefully onsite before performing measurements. As its decomposition rate is low on the glass surface, we have prepared the OClO gas in an all glass apparatus which has been further shielded from the UV light to avoid photodissociation using aluminum foil. The preparation of OClO is carried out by oxidation of molecular chlorine using sodium chlorite as prescribed earlier by Derby and Hutchison 22 .
(5)
A mixture of chlorine and He as buffer gas is allowed to flow through a U-tube packed with sodium chlorite. In order to increase the flow rate the salt is mixed with glass beads. The OClO gas (yellowgreen) produced via this reaction is then collected along with the He buffer gas in the ratio of 1:4 into a glass container. This mixture is then used for the experiment. The base pressure in the experimental set up is 1 x 10  Torr. During the experiment the background pressure is maintained at 8x10 7 Torr and the maximum target pressure in the effusive beam is estimated to be an order of magnitude higher. is the most dominant channel below 2 eV as can be seen in the relative intensities in Fig. 1 . Previous reports 12, 13 have shown that both O2  and Cl  are produced below 2 eV whereas at higher energies only Cl  is present in the 32-35 mass range. Our measurements are consistent with this. However, we cannot clearly discern the weak structure at 1.7 eV in the Cl  channel as reported earlier. This is probably due to the poor electron beam resolution (~ 0.6 eV) in the present experiment. We do not see any signal due to molecular chlorine contamination as we compare the measured spectra with those measured for DEA to molecular chlorine (Cl2) in the same experimental set up 19 . For ease of interpreting our results, we list all possible DEA channels for the observed fragment ions and their energy thresholds in Table 1 . The thermodynamic thresholds are calculated using H0f (OClO) = 1.08 eV, H0f(OCl) = 1.05 eV 23 , H0f(O) = 2.58 eV, H0f(Cl) = 1.26 eV 24 . The relevant electron affinities (EA) are EA (OCl) = 2.28 eV 25 , EA (O2) = 0.45 eV 26 , EA (O) = 1.46 eV 27 and EA (Cl) = 3.61 eV 28 . O2 excitation energies used are 0.98 eV and 1.64 eV for a 1 g and b 1 + g states respectively 29 . O excitation energies are 1.97 eV and 4.19 eV for 1 D and 1 S states respectively 30 . The OCl electronic excitation energy for A 2 state is taken as 3.92 eV 29 . Below we discuss the results obtained for various ions.
Results & Discussion

OCl  channels
The most dominant channel, namely OCl  , exhibits only one peak around 0.7 eV that extends up to 1.7 eV. OCl  can be formed only via asymmetric dissociation of the parent anion. In this type of dissociation, the cleavage of one bond results in rotational motion of the OCl  due to the bend geometry of the precursor (OClO  ). Under the simple impact approximation, where we assume that the dissociation starts at the equilibrium geometry of the parent molecule with an asymmetric stretch mode leading the process and ignoring the role of bending mode, the rotational kinetic energy of the OCl  fragment is given by 31,32 (6) where, is the bond angle of the dissociating OClO  ion, with mO and mCl are the mass of O and Cl atoms respectively. EExcess is the excess energy available in the system which is given by (7) where EThreshold is the threshold energy for a given channel (here OCl  ) and Ee is the electron energy. Thus, for the equilibrium bond angle of 117.5 0 of OClO 15 , about 9% of the excess energy will appear as the rotational energy of OCl  . (Table   1 ) for the formation of OCl  + O ( 3 P) and the rotational energy given by Eq. 6. The slightly larger measured KER may be attributed to the poor electron energy resolution in this experiment as well as to the deviation from the equilibrium geometry of the parent anion at the time of dissociation, which may modify the rotational energy. At 1.5 eV the KER distribution peaks at 0 eV and extends up to 1.2 eV (Fig 2(c) To obtain the symmetry of the anion resonance state based on axial recoil approximation, we have obtained the angular distribution of OCl  ions for KER ranging from 0.4 to 1.2 eV (Fig 2(d) ). 
where and and contributions from the and transitions respectively.
The corresponding fit functions used were
Here, is the bond angle of the dissociating parent anion and we have assumed the equilibrium bond angle of the neutral OClO. For A1 state, the contributions from s and p wave have been considered and the relative phase between these partial waves is whereas for the B1 state he contributions from p and d waves have been considered with their relative phase as . We have used these phases as well as the weight factors of these partial waves (b1 and b2) and the weight factors for the two distributions (a1 and a2) as the fitting parameters. The fit shows dominant contribution from the A1 state compared to the B1 state. The corresponding contribution of these states are in the ratio 5:1. In the theoretical calculation reported earlier 15 no negative ion state is reported at 0.7 eV. The resonance obtained in these calculations around 3 eV is a single particle shape resonance of B1 symmetry. Wei et al 16 have reported an anion excited state near 1.5 eV with the smaller bond angle (112 0 ) and similar bond length as that of neutral ground state. Our results on OCl  validate this assignment. However, the overall dissociation process is slow in this energy range. As can be seen from the KER distributions, the smeared angular distribution may also indicate the contribution of various vibrational modes of the parent anion in the dissociation dynamics. This is also consistent with the deviation of the observed KER from that expected under the simple impact approximation.
O  channels:
Peaks at 1.1 eV and 4 eV
As shown in Fig. 1 , the O  ion signal is found to peak at 1.1 eV, 4 eV, and 8 eV respectively. We have recorded momentum images around each of these peaks. The momentum image of O  at 1.1 eV appears as a single thermal 'blob' as seen in Fig 3(a) . This is consistent with the threshold of 1.09 eV for the formation of O  + OCl (X 2 ). We were unable to determine any specific angular distribution due to low KE of the ions. The momentum image at 4 eV exhibits an outer ring with a large intensity in the forward direction and an inner 'blob' that corresponds to thermal ions as seen in Fig 3(b) . From Table 1 we can see that the threshold for three-body dissociation (O  + Cl + O) is 3.88 eV. Hence, we may attribute the inner 'blob' to this channel. As this channel may arise from two-as well as three-body dissociation of the molecule, we have plotted the KE distribution instead of the KER distribution of this ion. The KE distribution obtained from the momentum image at 4 eV is shown in Fig 3(c 
O  Channel: 8 eV peak
The momentum image of O  obtained at 8 eV exhibits a distinct ring as seen in Fig 4(a) and the corresponding KE distribution is shown in Fig 4(b) . The KE distribution peaks at 2 eV which corresponds to a KER of 2.62 eV. There are two channels that can possibly contribute to this ring.
First is the two-body dissociation of OClO  to O  + OCl (A 2 ) (threshold 5.01 eV). The other channel being that of three-body dissociation. The lower energy O  + OCl (X 2 ) channel will leave the OCl with enough internal energy to undergo further breakup leading to three-body dissociation.
In the OCl (A 2 ) channel, the excess energy available in the system is about 2.99 eV out of which about 0.27 eV will be in rotational excitation according to the simple impulse approximation (Eq. (Fig. 7, see below) . Based on this, we conclude that this Cl  channel is most active when the anion resonance is formed with the electron beam approaching the molecule along its principal axis. By assuming this orientation of al. 15 obtained a single particle shape resonance of A2 symmetry however, the dynamics we observe is not consistent with this symmetry. As we increase the electron energy to 9 eV, we observe that an isotropic thermal 'blob' starts to appear along with the earlier observed outer ring, as seen in Fig 4(d) . We know that the energy 
Cl  & O2  Channels:
The signal corresponding to ions of mass 32 -35 peaks around 0.7 eV, 4 eV, and 8 eV. We cannot distinguish between the contribution from O2  and Cl  due to our poor mass resolution. However, from the literature, we know that O2  contributes only to the 0.7 eV peak 13, 14 . Below we analyze the momentum images obtained around each of these peaks.
Peak at 0.7 eV
The momentum image obtained at 0.7 eV is shown in Fig 5(a) . As we cannot distinguish between the two ions that contribute at this energy, we have plotted KE distribution instead of KER for this peak in Fig 5(b) as KER for both the channels will be different for a given KE of the fragment.
Both the Cl  channel and the O2  channel arise from the symmetric dissociation of the resonant state. Since the three-body dissociation threshold for the formation of Cl  is 1.73 eV (Table 1) , its formation at this resonance is energetically possible only if the neutral fragment is O2. The O2 thus formed is likely to be in high vibrational states. As the KE spectrum shows substantial spread, it indicates internal excitation of the molecular fragment. In the O2  channel the maximum KE would be 0.51 eV as the threshold for this channel is -0.27 eV. However, the internal excitation of the observed O2  ion cannot exceed 0.57 eV, which is its autodetachment threshold 35 . Thus the minimum KE would be 0.21 eV and consequently, the O2  contribution in the observed KE spectrum will only be between 0.21 eV and 0.51 eV, as shown by green shaded region in Fig 5(b) . On the other hand, the Cl  channel (threshold -3.43 eV) could contribute across the entire KE range and the corresponding O2 fragment will be left with a high degree of vibrational excitation. This is shown by vertical magenta lines in Fig 5(b) . As can be seen from the figure, the Cl  production with O2 in the electronic ground state favours high vibrational excitation (from v=11 to v=26). However, for such a high vibrational excitation the bond length of O2 should be much higher than its equilibrium bond length. In the equilibrium geometry of OClO, the O-O distance is about 2.51 36 and the outer turning point of the v=26 level in O2 is about 1.85 37 . This indicates the important role of the bending motion of parent anion before or during dissociation. However, we cannot rule out the two other channels leading to Cl  formation with O2 being formed in electronic excited states, namely Cl  + O2 ( 1 g) (threshold: -2.45 eV) and Cl  + O2 (b 1 + g) (threshold: -1.79 eV). In both of these cases the minimum excess energy that will result in the vibrational excitation would be about 1.04 eV and 0.38 eV (corresponding to 1 eV in KE of Cl  ). This implies that for these channels the vibrational excitation would range in v=5 to 20 and v=2 to 16 respectively. Hence, even these channels would also involve substantial bending mode excitation of the parent anion.
The theoretical calculations by Baluja et al. 15 found no anion state in this energy range whereas Wei et al. 16 reported a pair of B1 states in the energy range of 1 to 2 eV with an equilibrium bond length close to that of the neutral ground state. However, in this state they have found the equilibrium bond angle to be smaller indicating effective bending excitations from the Frank-Condon transition. The configuration of this state is also found to be a doubly occupied 3b1 orbital which is known to be bonding along the terminal O atoms and antibonding about the O-Cl bond.
The description of this state fits well with the observed dissociation dynamics.
Peak at 4 eV
The momentum image at 4 eV is shown in Fig 6(a) . As can be seen from the figure and the extracted KE distribution (Fig 6(b) ), the maximum KE observed is about 0.45 eV. With this KE of the ion, the internal excitation energy of the fragments would be at least 3 eV. The first two excited states of Cl atom are at energy 0.11 eV and 8.9 eV respectively from which the second state is energetically not accessible. This implies that if the signal corresponds to the O2  channel, this ion would accommodate about 3 eV as internal energy. As argued earlier, with so much excess energy, this ion would not survive the autodetachment and it cannot be detected in mass spectrometer. Hence, we conclude that in this peak the sole contributor is the Cl  species. This is consistent with the previous reports 13, 14 that only Cl  ion is formed at this energy. Marston angular distribution with lobes in the forward and backward directions with more intensity in the forward direction (Fig 7(d) ). Moreover, this angular feature does not change with the change in incoming electron energy as seen in Fig 7. Therefore, under the axial recoil approximation, we conclude that the electron capture takes place along the principal axis and at the time of dissociation Cl atom is oriented opposite to the direction of momentum vector of the incoming electron. This is possible as at this energy the core-excited resonances are expected to play a role which can involve a1 orbital that can interact with electron along the principal axis. The theoretically obtained 12 single particle shape resonance of B1 symmetry cannot explain these dynamics. 
Consequences for Stratospheric Chemistry; Further Reaction with Ozone:
The major channel (about 90%) is OCl  + O. Thus the ability of this ion to react further with ozone will dominate the ozone destruction mechanism. This will depend hugely on the internal energy of OCl  produced. The possible reactions of OCl  and Cl  with ozone and their threshold energies is given in From Table 2 we can see that the reactions 2 and 7 involving OCl  and Cl  have negative thresholds and they lead to formation of Cl  and OCl  respectively while converting O3 to O2.
Thus, these channels with anions as products can continue cyclically and keep destroying ozone, provided they are not destroyed by other processes including photodetachment. However, upon photodetachment, these anions will be converted into their neutral forms, which may still play a role in catalytic cycle that destroys ozone. In addition, these anions may produce other neutral radicals important for the catalytic cycle involved in the destruction of ozone. Thus, in order to understand the role of DEA to OClO in ozone destruction, it is important to study the role of these radical anions and their life cycle in the upper atmosphere.
In O  channel at 4 eV, the OCl radical is produced with almost 0.4 eV internal energy and at 8 eV it is produced with electronic excitation to A 2 state. Although the cross section for this channel is small, such vibrationally or electronically excited species produced in the cold upper atmosphere may have more significance in the catalytic cycle. In all the DEA channels, Cl is produced with KE up to 0.5 eV, which may also be important in the catalytic cycle. 
Conclusions
We have unraveled the details of the dynamics behind DEA to the atmospherically important All of the various fragment anions produced in DEA process have sufficient internal energy as well as kinetic energy to be relevant for the ozone destructing catalytic cycle. However, the role of Cl  and OCl  needs to be studied more carefully in order to understand the importance of DEA to OClO in ozone destruction mechanism. With such rich dynamics observed in such an important molecule, our results highlight the dire need for complementary theoretical calculations to fully understand the DEA process and its role in the chemistry of the upper atmosphere.
